ABSTRACT: Growth-independent test characters of the genera Operculina, Planoperculina, and Planostegina were investigated to determine relations to water depth in form of morphoclines. All characters describing test form -thickness, initial vector of the test spiral that is correlated to proloculus size, and radius expansion rate describing test contour -are correlated. The investigated Operculina and Planoperculina species (O. ammonoides, O. elegans, O. complanata, P. heterosteginoides) demonstrate significant morphoclines in these characters, which can be used for gradient estimation using regression analyses. Thick forms of Operculina with intensively coiled spirals predominate in shallow water (-20 to -40m); in the deeper parts of the euphotic zone (-120m) they transform into thin forms possessing a weakly coiled spiral. Planoperculina heterosteginoides, with thin tests and therefore restricted to the deeper euphotic zone (starting at -80m), is the only symbiont-bearing larger foraminifer that can extend its distribution to just below the euphotic zone, where it develops extremely thin tests. Both Planostegina species, similar to shallow specimens of Planoperculina heterosteginoides in test form and thickness, do not show morphoclines and are thus restricted to depths between -30 and -90m (P. operculinoides) and -70 and -90m (P. longisepta). Chamber numbers, represented by the growth-independent parameters 'chamber number of the first whorl' and the 'chamber number increase rate' differ between Operculina species on the one hand and the Planostegina Planoperculina group on the other. Although both parameters are weakly correlated with characters describing test form, they do not show significant morphoclines either in the Operculina species or in the Planostegina Planoperculina group.
INTRODUCTION
Traits often change within a species in correspondence to geographic distribution, which is known as a 'cline' (Huxley, 1939) . This transformation represents either reactions of the characters to ecological gradients or it marks the hybrid zone between two species (e.g., Skelton 1993) . Clines based on quantitative morphological, physiological, genetic, or behavioural characters can be expressed by continuously or stepwise changing functions (Futuyma 1998) . They are affected in part by population genetic mechanisms such as gene flow, drift, and selection (e.g., Levinton 2001) . The 'cline' concept, primarily used for morphological characters (Mayr 1963) , was used in different context as geoclines, ecoclines, and chronoclines (Simpson 1961) . Whittaker (1960) introduced the term 'coenocline' for organism communities continuously changing along an environmental gradient. In this article the term 'morphocline' is restricted to transitions of morphological characters within a species along an environmental factor.
The correlation between morphoclines and environmental factors can be used to estimate gradient values by the character state when direct measurements of the ecological factor are impossible. This method, called 'direct gradient analysis' (e.g., Gauch 1982) , is useful for estimating environmental parameters of historical and geological age.
Regression analysis is the appropriate method of gradient estimation for quantitative morphological characters that change continuously with an environmental factor. Growth dependence of morphological characters often blurs the results of regression analyses, especially in species showing semelparity (reproducing once during life time; e.g., Valiela 1995) and reproducing contemporaneously. Test sizes of the larger foraminifer Marginopora kudakajimaensis, for example, continuously increase after reproduction in late spring until the following reproduction in the next year (Fujita et al. 2000) . Therefore, gradient dependence of test size as an ecological factor cannot be measured using gradient values at different times. In that case, test characters (size) at different gradient values (water depth) have to be measured at the same time (within one month).
The common method to avoid masking effects of growth dependence is the use of ratios between metric characters (Sokal and Rohlf 2000) . Only in isometric growth, when the linear regression or correlation line runs through the origin (y = ax), do ratios (a = y/x) remain constant from small to large size (Zorn 1972, Raup and Stanley 1978) , otherwise they change with growth (anisometric and allometric growth, Raup and Stanley 1978) .
Thickness/diameter-ratios of the symbiont-bearing foraminiferal genus Amphistegina are correlated with water depth and were used for gradient determination (Hansen and Buchardt 1977 , Larsen and Drooger 1977 , Hallock 1979 . In symbiontbearing benthic species with hemispherical to lenticular tests, such as Amphistegina lobifera, A. lessonii, A. radiata, A. bicirculata and the calcarinids Neorotalia calcar, Calcarina gaudichaudii, C. hispida, and Baculogypsina sphaerulata, all linear regression lines between test thickness and diameter measured in a population run through the origin (see Hallock 1979: fig. 1 ) and the ratios represented by the slope of the linear regression line remain constant.
Larger foraminifera with thin-lenticular or planar tests also demonstrate test flattening with water depth (Hottinger 1977b , Pecheux 1995 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] 2004 not run through the origin and must be replaced by power regression functions (see fig. 2 in Hallock 1979) . Hohenegger and others (2000) , in their comments on West Pacific nummulitid foraminifera, developed various methods to quantitatively measure test characters beside the simple measurement of size and thickness. During investigation of living foraminifera, different morphoclines in nummulitid foraminifera -especially the group of operculinid foraminifera -were observed but no statistical analysis was performed. This will be the target of the following article.
SAMPLING AND INVESTIGATION METHODS
Living operculinid foraminifera were collected in 1996, 1997, and 1998 during cruises on the research vessel 'Merulina' of Sesoko Station, Tropical Biosphere Center, University of the Ryukyus. Samples taken in 1996 originate from two parallel transects NW and West of Sesoko Island, Okinawa, Japan (text- fig. 1 ), ranging with 10m depth intervals from the reef edge down to 100m (Hohenegger et al. 1999 , Hohenegger and Yordanova 2001a , b, Yordanova and Hohenegger 2002 . Two samples were taken in the upper 50m at each sampling point by SCUBA, one containing hard and the other soft substrate. All deeper, mostly sandy samples were dredged. Only two showed a higher proportion of firm substrate: macroids were abundant in one sample from 60m in the northern transect and rodoliths predominated in a southern transect sample from 90m. Additional samples, also ranging in 10m depth intervals from 10m down to 90m, were taken in 1998 and 1999 at the steep sandy slope north of Minna Island (text- fig. 1 ).
The separation of living larger foraminifera from the sediment followed the method described in earlier papers (Hohenegger 1994 , Hohenegger et al. 1999 . For the present morphometric investigation, only samples with abundant operculinid foraminifera were chosen (text- fig. 1 ) to obtain significant information about population structures. Measurements were performed in two ways. Test thickness was optically measured using the electronic spindle Mitutuyo installed on the light microscope Nikon Optiphot 2 by focusing on the highest point of the test as opposed to the base plane. To minimize measurement errors, each specimen was measured four times at least. For investigation of chamber form and order, three soft X-ray micrographs (Agfa Structurix D2) were taken from each specimen using a Faxitron 43855A. The first micrograph, with short exposure time (5 minutes at 15kV) provided information about test contour and the peripheral chambers, while the second photograph with longer exposure time (15 to 20 minutes at 15kV) brightened the central test parts. A third micrograph with higher voltage (15 to 20 minutes at 20kV) was necessary for all proloculus photographs and for extremely thick tests. Combining these micrographs using graphic programs (Corel 9) enabled investigation of internal test structures from the periphery to the proloculus. Based on these combined micrographs, measurements of the test spiral and chamber dimensions could be processed using the Kontron 400 Image Analyzing System.
Beside basic statistics performed in Microsoft Excel, the program packages Statgraphics Plus and SPSS 10 were used for complex statistical data analyses. Due to difficulties in separating Operculina elegans from O. complanata in young individuals, Operculina specimens <1mm could not be statistically treated, reducing the total number of processed individuals from 1363 measured specimens to 980.
INVESTIGATED SPECIES
Species determination follows Hohenegger et al. (2000) , which is based on an ecological species concept (van Valen 1976 , Hohenegger 2000 . No distinction into subfamilies within the 150 Elza K. Yordanova and Johann Hohenegger: Morphoclines of living operculinid foraminifera based on quantitative characters TEXT-FIGURE 1 Map of study area with all stations sampled from 1996 to 1999; full dots indicate stations with operculinid foraminifera used for morphometric analysis.
Nummulitidae is exercised on the suprageneric level, but according to similar test construction the investigated species were grouped as operculinid foraminifera (Hottinger 1977a) . Holzmann et al. (2003) demonstrate the complex phylogeny of the Nummulitidae, revealing a parallel evolution in the development of chamberlets based on molecular genetic analysis.
The present investigation concentrates on species distinguished by planispirally, semi-involute to evolute coiled tests with or without chamberlets, characterized by the lack of trabeculae (thus excluding Nummulites) and no separation between a thick lenticular central part and flat final chambers in large individuals as found in Heterostegina and Operculinella (Hohenegger et al. 2000) . Therefore, the following six species (text- fig. 2 ) demonstrating similar test construction were treated:
Operculina ammonoides (Gronovius)
The thickness/diameter relations show a clear gap between thicker and thinner specimens at similar growth stages in samples with abundant individuals (Sesoko transect at 30 and 40m, text- fig. 3 ).
This distinction is uncorrelated with proloculus size, thus an interpretation as different generations is impossible. Ecological morphotypes reflecting different habitats such as hard substrate and sand as in Amphistegina lessonii (Hohenegger 2000) can be excluded because both morphotypes originate from hard and soft bottom, but in different numbers. They are therefore separate species, where the thinner forms are regarded as Operculina ammonoides. This is morphologically supported by test ornamentation. In shallow water, O. ammonoides always has slightly elevated septa at the inner windings, becoming indistinct with increasing depth. Septal elevations of the inner spiral can transform into tiny knobs (text- fig. 2/1 ), but never become high and arranged like a string of pearls as the northern representatives of O. ammonoides living around the southern coasts of Japan (Hohenegger et al. 2000 : plate 5, figs. 10 to 12).
Operculina elegans (Cushman)
In contrast to the former species, flat knobs cover the surface of the inner windings, becoming large bosses at the umbilicus (text- fig. 2 /2). These knobs are independent from septal courses, but smaller knobs are on septal elevations of the lateral test sides. Although this characteristic ornamentation clearly differentiates O. elegans from O. ammonoides, differences to Operculina complanata based on ornamentation are indistinct. Operculina complanata specimens from the shallow water show the same arrangement of knobs and bosses as O. elegans.
Operculina complanata (Defrance)
The differentiation of O. complanata from O. elegans and O. ammonoides is based on septal folding that starts, in megalospheric individuals, just after the first whorl (Hohenegger et al. 2000) . In shallow-water individuals, the ornamentation is similar to O. elegans, whereas the septa are differentiated into tiny knobs in large specimens from deeper water, and the chamber walls are also covered with pustules (text- fig. 2/3 ).
Planoperculina heterosteginoides (Hofker)
This species differs from O. complanata in that the inner lamella of the chamber wall that covers the previous chamber is intensively folded and occasionally touches the frontal septum. This construction leads to an incomplete division of chambers into chamberlets (Hohenegger et al. 2000) . Septal courses are marked on the surface by rows of small, cone-shaped knobs, and tiny knobs characterize septal undulations (text- fig. 2/4 ).
Planostegina operculinoides (Hofker)
The names given to both Planostegina species in this paper must be regarded as 'working titles' because the exact taxonomy of Planostegina operculinoides is unclear. Hohenegger et al. (2000) described and differentiated both Planostegina species, where the thinner forms with distinct elevations of septa and septula (text- fig. 2 /5) were named Planostegina operculinoides, according to the first descriptions by Hofker (1927 Hofker ( , 1933 . His descriptions of Heterostegina operculinoides are imprecise, and without investigation of the holotype or paratypes an exact determination is impossible.
Planostegina longispeta (Zheng)
This species, named Planostegina aff. P. operculinoides by Hohenegger et al. (2000) , is more abundant in the investigation area than P. operculinoides, especially in deeper parts. Test surfaces are quite dissimilar to the former species because septal elevations can only be found in lateral parts of large specimens. Knobs are rare and pustules are completely lacking; in contrast, the walls of chamberlets are covered by flat ellipsoidal elevations (text- fig. 2/6 ). Hohenegger et al. (2000) regarded these hyaline structures as an adaptation of this symbiont-bearing species to low light intensities. This species is named here Planostegina longisepta (Zheng 1979) because of the elongated chamberlets.
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Elza K. Yordanova and Johann Hohenegger: Morphoclines of living operculinid foraminifera based on quantitative characters Differentiation between Operculina elegans (empty dots) and Operculina ammonoides (full dots) according to the relation between test diameter and thickness from two stations of the Sesoko transect; fit by power regression: Operculina ammonoides -full line, Operculina elegans -broken line.
MORPHOMETRIC ANALYSES
To exclude character variability caused by growth (e.g., test size), growth-independent morphological traits are used to compare the tests.
Test thickness
In the case of thin-lenticular to plate-like tests, such as those in almost all operculinid foraminifers, plots of test thickness against diameter indicate allometric growth (Batschelet 1975, Sokal and Rohlf 2000) due to their differing growth rates (text-figs. 4 to 9). The function for allometric growth
is defined by the integration parameter a and the allometric parameter b (Kant 1977) .
Parameters of the allometric function can be inferred using different growth states of a single individual. This is simplified in living forms by measuring test characters during growth (Röttger and Hallock 1982) . Using empty tests, thickness measurements at different growth states are possible only in oriented thin sections, especially when measuring involute tests. Due to lamellar test walls in hyaline foraminifera, where the wall of a new chamber partially or completely covers the older Comparison of allometric constants b between test thickness and diameter based on the integrative constants a obtained as sample averages, species averages, and total averages, using the coefficient of determination as test parameter.
TEXT-FIGURE 4
Operculina ammonoides; relation between test diameter and test thickness for different samples. Regression by power function: broken line -using the average of species (ak) as the integrative constant, full line -using the average over all species (a) as the integrative constant (for explanation see text and Table 1 ).
test parts, the correct thickness of a special growth state can be obtained by measuring thickness at the lamella belonging to the appropriate chamber (Hallock and Hansen 1979 ).
An easier way of estimating allometric growth is to use the population samples consisting of individuals that represent different growth stages. Fitting by power regression curves yields parameters a j and b j of the allometric function that are representative for sample j. This method is used in the following calculations.
First, the integration constants a j between thickness and diameter were calculated for all j depth samples. Second, the averaged integration parameters a k were calculated for each of the k species (Table 1 ) using the arithmetic means of samples weighted by specimen number n jk (see Ferschl 1985) :
where j indicates the sample, m the number of samples, and k the species .
155 Micropaleontology, vol. 50, no. 2, 2004 TEXT-FIGURE 5 Operculina elegans; relation between test diameter and test thickness for different samples. Regression by power function: broken line -using the average of species (ak) as the integrative constant, full line -using the average over all species (a) as the integrative constant (for explanation see text and Table 1).
TEXT-FIGURE 6
Operculina complanata; relation between test diameter and test thickness for different samples. Regression by power function: full line -using the average over all species (a) as the integrative constant; the function using the average of species (ak) as the integrative constant coincide with the first function (for explanation see text and Table 1 ).
TEXT-FIGURE 7
Planoperculina heterosteginoides; relation between test diameter and test thickness for different samples. Regression by power function: full line -using the average over all species (a) as the integrative constant; the function using the average of species (ak) as the integrative constant coincides with the first function (for explanation see text and Table 1 ).
TEXT-FIGURE 8
Planostegina operculinoides; relation between test diameter and test thickness for different samples. Regression by power function: broken line -using the average of species (ak) as the integrative constant, full line -using the average over all species (a) as the integrative constant (for explanation see text and Table 1 ).
Using the integration parameter a k , the allometric parameters b ik can now be calculated for each individual i belonging to species k according to
Since the parameter a k is constant within, but dissimilar between the species, dependences of thickness/diameter-relations from the depth gradient are now expressed in a single variable, the allometric constants b ik , and can be separately tested for each species by regression analyses.
To compare growth-independent relations between test thickness and diameter over all species, the integration parameter a of the allometric function must be constant for all species. This is obtained by the equation
with r indicating the number of species. Now, the allometric constant b can be calculated for each specimen i by
which is independent from the species. Not only can the depth dependence of the thickness/diameter-relation within species be calculated, but comparison between all species and their depth dependence is also possible. Table 1 demonstrates the correctness of this procedure by comparing allometric functions between those samples that are characterized by a significant number of individuals (>18). These comparisons are based on 1) regression analyses between test thickness and diameter using power functions for each sample j,
2) sample means of the allometric parameter b ik , where
using the integration parameter a k that is constant within a species 3) sample means of the allometric parameter b with
using the integration parameter a that is constant between all species.
Goodness of fit is proven by the coefficient of determination, which is the squared product-moment-correlation between empirical data and theoretical values, using the three allometric 158
Elza K. Yordanova and Johann Hohenegger: Morphoclines of living operculinid foraminifera based on quantitative characters
TEXT-FIGURE 9 Planostegina longisepta; relation between test diameter and test thickness for different samples. Regression by power function: broken line -using the average of species (ak) as the integrative constant, full line -using the average over all species (a) as the integrative constant (for explanation see text and Table 1 ).
functions explained above. Except for Operculina elegans from 50m at Minna Jima, all allometric functions fit significantly (Table 1) . Although based on different methods, these fits are of equal quality as indicated by the coefficient of determination. Sometimes they are slightly better using the integrative parameter a, which is identical over all species, compared to the regression curve based on power functions (compare coefficients of determination for Planostegina operculinoides in Table 1 ).
Using the overall constant integrative parameter a, the comparison between the allometric parameters b j of samples allows trends to be detected (Table 1) . Especially in species with broad depth ranges and many individuals (Operculina ammonoides, Operculina complanata), the decrease in sample parameters b j with depth is obvious (Table 1 ). This trend is also visible in the allometric curves of text-figures 4 to 6, which become flatter with increasing depth. The curves in text-figures 4 to 9 represent on the one hand the allometric function averaged for samples and based on the species-constant parameters a k (broken lines in text-figs. 4 to 9), and on the other hand using parameter a, which is constant in all species (full lines in text-figs. 4 to 9).
The allometric constant b i is thus used in the following morphometric analysis of operculinid foraminifera for the growth-independent indication of test thickness.
Test form
Operculinid foraminifers are distinguished by planspirally coiled tests, where a modified logarithmic spiral models the course of the test margin (Hohenegger et al. 2000) . The basic logarithmic spiral
can be used as a model for the outer margin in many planspirally as well as trochospirally coiled tests (Raup 1966) . In modified form
where exp(r 0 ) indicates the length of the initial vector, exp(b) the radius expansion rate, and a the revolution angle measured in radians (text- fig. 10 ), this equation optimally fits the strongly increasing rotating vectors in all investigated operculinid species.
The initial vector is defined here as originating in the center of the proloculus and ending at the outer margin of the first spiral chamber running through its center (text- fig. 10 ). This vector is proportional to the proloculus size d 0 , which was tested for all operculinid foraminifers using regression analyses running through the origin. While the relation
is significant for Operculina complanata and all Planostegina and Planoperculina species, the relation
exp( ) demonstrates high significance in Operculina ammonoides and O. elegans (Table 2 ).
Due to these relations, proloculus sizes are redundant in further statistical analyses. This is advantageous, because the direct measurement of procloculus diameter was impossible in many cases, especially Planostegina operculinoides, but the initial vectors could be statistically estimated in these cases from extending the logistic spiral to the innermost part.
The initial vectors as representatives of proloculus size allow differentiation between microspheric and megalospheric forms and are used in the following to separate both generations. Frequency distributions of the initial vector of all individuals of a species along an environmental gradient enable separation of generations only when the trait does not change with the gradient. If multimodal frequency distributions representing different generations change with the gradient, then the summary distribution including all samples blurs the multimodal distribution form, leading to homogeneous, unimodal distributions. This is shown in the summarized distribution of Operculina complanata specimens: it demonstrates an ideal homogeneous lognormal distribution, which is statistically proven (text- fig.  11 ). The frequency distributions at different depths, in contrast, significantly deviate from homogeneous normal or lognormal distributions, demonstrating multimodality. This allows decomposition (Medgyessy 1977) into at least two lognormaldistributed components using non-linear regression (text- fig.  11 ), where one of the component has small initial vectors and thus proloculi and the other component, much more frequent, has large initial vectors. Geometric means of both distributions show a shift from large initial vectors in shallow areas (mean 1 = 60 m, mean 2 = 97 m at 40m) to small vectors in the deepest samples (mean 1 = 40 m, mean 2 = 66 m at 100m). This indicates correlation with depth of the initial vector for Operculina complanata in both generations.
Relations of morphological traits to environmental gradients are the main topic of this paper (see results). Detection of two generations based on frequency distributions was possible for all operculinid species due to the abundant individuals (text- fig.  11 ). Therefore, depth trends of the other test parameters were tested both between generations within a species, and also between species.
In the following regression analyses on water depth, the initial vectors as well as the radius expansion rates are used as growth-independent variables characterizing test form.
Chamber number
The chamber number per whorl is the last morphological trait used in this analysis. Counting starts with the first chamber after the proloculus (text- fig. 12 ). This character can be modeled by the exponential equation
where c symbolizes the rate of increase and a is measured in radians. The domain of this function starts with the first whorl (2 p radians). Thus, the function value at the first whorl (N 1 ) will be used in further analyses as a growth-independent variable.
Based on equation 11 the total chamber number M after k whorls can be easily calculated. When
indicates the chamber number of the j th whorl, then the total chamber number after k whorls can be calculated from
Text-figure 12 demonstrates the differences between functions 12 and 13.
The chamber number of the first whorl and chamber number increase rate are used in regression analysis on water depth.
Growth functions of the test contour and chamber number per whorl are shown for typical representatives of the six investigated operculinid species in text-figure 13.
GRADIENT DEPENDENCE
If different transects are taken into consideration, the coincidence of characters between samples possessing equal gradient values has to be tested along the environmental gradient (Table  3) . This is necessary in the investigated depth morphocline in order to combine samples of equal depth from both transects. Statistical tests had to be performed with samples possessing representative numbers (n j ³ 3).
Almost all characters show coincidence in the tested paired samples (multivariate Hotelling T 2 -Test; (Table 3) . Therefore, the hypothesis of homogeneity of samples from equal water depth could be accepted and summaries of paired samples became representative for further statistical investigation.
Each species was divided into microspheric and megalospheric generations and treated separately investigating the depth trends in the test characters described above. 1999), where parallelism of the regression lines (identical slopes b) and differences of the regression constant a could be checked (Table 5) . When trends were lacking or depth dependence was significant for one generation only, then comparison was performed on values pooled from all depths using the Student's t-test based on unequal variances (Zar 1999 Table 5 ).
Test thickness
Comparisons between different species are based on the megalospheric generation. The three Operculina species were compared together with Planoperculina heterosteginoides because all show significant depth trends (Table 6 ). Parallelism of the regression lines (identical slopes) is significant for Operculina elegans, O. complanata, and P. heterosteginoides, while O. ammonoides shows a weaker, but similar decrease to P. heterosteginoides (Table 6 ). The trends differ both in the regression slope and in the initial value represented by the regression constant. Only O. ammonoides and P. heterosteginoides have the same constant, i.e., similarly thick at all depths. Although trend intensities are the same in O. elegans, O. complanata, and P. heterosteginoides, the regression constants differ significantly between these species. Therefore, Operculina elegans is thicker than O. complanata at every depth, whereby the latter is again significantly thicker than P. heterosteginoides (Table 6 ).
The two Planostegina species do not show depth trends, and the thickness parameter is therefore examined by the Student's t-test. Because Planoperculina heterosteginoides, despite showing depth trends, inhabits the same depths as Planostegina, it is included in the comparison. All species differ significantly in their thickness parameter, with P. longisepta being the thickest, followed by P. operculinoides and P. heterosteginoides (Table 6 ).
Initial vector
This represents the distance from the center of the proloculus to the outermost border of the second chamber and thus enables differentiation between megalospheric and microspheric generations. All Operculina species show significant linear regression in both generations, where this parameter decreases with depth (Table 4 , text- fig. 15 ). Both Planostegina species and Planoperculina heterosteginoides lack this trend in the megaloand the microspheric generation (note that microsphere trends could not be tested in P. operculinoides since all originate from the same water-depth; Table 4 , text- fig. 15 ).
Tests for coincidence of linear regression between megalo-and microspheres in the Operculina species yield a similar inclination of the regression line towards the deeper parts, which confirms parallelism in both generations for every species (Table  5 ). The regression constants did, however, differ significantly, confirming the strong differences in proloculus size between generations; these differences remain constant over all depths (Table 5 ). Both Planostegina species and Planoperculina heterosteginoides (no depth trends in the initial vector) also exhibit significant differences between micro-and megalospheres (Table 5 ).
Since differences between generations are significant, all species have to be compared for both generations. Operculina elegans and O. complanata show identical trends in megalospheres as well as in microspheres, shown by identical regression slopes and coincidence of the regression constant in the megalospheres (Table 7) . The regression constant of microspheres differs significantly (Table 7) , but this again probably reflects the few microspheric specimens (7) of O. elegans. In both generations Operculina ammonoides differs from O. elegans and O. complanata in having a much smaller regression constant and by lower regression decrease towards the deeper water (Table 7) .
TEXT-FIGURE 13
Presentation of the functions for test contour and chamber number for representatives of the six species. Both Planostegina species and Planoperculina heterosteginoides (no depth trend in the initial vector) are totally homogeneous in the microspheric generations (Table 7) , but highly significantly different in the megalospheres (Table 7 : largest initial vectors in P. longisepta, the smallest in P. operculinoides).
Radius expansion rate
All Operculina species show significantly increasing radius expansion rates with increasing water depth, at least in the megalospheric generation (Table 4 , text- fig. 16 ; exception: O. elegans microspheres, possibly due to the low individual number). The expansion rate increases in Planoperculina heterosteginoides megalospheres, but is strongly insignificant in the microspheres (Table 4) . Both Planostegina species have constant radius expansion rates in both generations (Table 4 , text- fig. 16 ).
Differences between generations of a single species were tested for coincidence of the regression lines in Operculina ammonoides and O. complanata. While megalo-and microspheres are similar in O. ammonoides (Table 5) , the micropheres of O. complanata have a significantly higher expansion rate than the megalospheres at all depths (Table 5 , text- fig. 16 ).
Generation differences in the expansion rate were checked in the remaining species by Student's t-test. While generations do not differ in Operculina elegans and Planostegina operculinoides, the rates are significantly higher in P. longisepta and P. heterosteginoides microspheres versus megalospheres (Tables  4, 5 , text- fig. 16 ).
In megalospheric generations, the Planostegina species and Planoperculina heterosteginoides have high expansion rates. Within the Operculina group, O. ammonoides starts with the highest expansion rate, but the subsequent increase is lower 165 Micropaleontology, vol. 50, no. 2, 2004 TEXT-FIGURE 14 Depth distribution of the parameter for 'test thickness'; open symbols: megalospheres, closed symbols: microspheres. than in both other Operculina species (Table 8) . Therefore, all Operculina species show similar expansion rates (~2,791) in the deepest transect parts (text- fig. 16 ). The two Planostegina species and Planoperculina heterosteginoides clearly differ from the Operculina species by much higher expansion rates. Planostegina operculinoides and P. heterosteginoides are similar, while P. longisepta has significantly lower expansion rates, but still higher than in all deep-living Operculina (Table 8 , text- fig. 16 ).
Chamber number of first whorl
This test character shows no depth trends in either Operculina or in Planostegina and Planoperculina (Table 4 , text- fig. 17 ). Differences between generations are only significant in O. complanata and P. longisepta (Table 5 , text- fig. 17 ), whereby the higher number is shown by microspheres of the former species and by megalospheres of the latter.
Comparing the megalospheric generations of all species (Student's t-test) demonstrates coincidence of Planostegina longisepta and Operculina ammonoides with significantly more chambers in the first whorl than the other species (Table 9) . Planostegina operculinoides and Planoperculina heterosteginoides show the fewest chambers. Operculina complanata and O. elegans are intermediate, but closer to the latter group (Table  9) .
Chamber number increase rate
No significant trends in any species were detected in either megalospheres or microspheres (Table 4 ; text- fig. 18 ). Operculina ammonoides and O. complanata show significant differences between generations (Table 5) , with higher rates in the megalospheres (Table 4 , text- fig. 18 ).
Comparing the megalospheric generations of all species shows a clear coincidence of the increase rate between Planostegina operculinoides and Planoperculina heterosteginoides (Table  9) . Operculina complanata, O. elegans, and P. longisepta form a second group with nearly identical increase rates; O. ammonoides has the lowest value (Table 9) .
RELATIONS BETWEEN CHARACTERS
The five test characters studied above are not independent from each other, but related in different degrees. This can be tested for every species by correlation analyses. Megalo-and microspheres differ within species only in the character 'intital vector length', and the generations are treated separately to test the correlation of the 'initial vector' with the remaining traits (Tables 10, 11). Separate data sets for generations are unnecessary for correlation analyses between the remaining test characters because these do not differ significantly within a species.
The several characters show similar trends, which may be affected by the relation to water depth. To eliminate this influence, partial correlations (Zar 1999) were calculated instead of the product moment correlation. In order to demonstrate the effects of excluding correlation with water depth, correlation matrices based on Pearson's product moment correlation and partial correlations are compared for two species: Operculina ammonoides shows significant depth dependence for test thickness, initial vector, and radius expansion rate, whereas all characters of Planostegina operculinoides are depth independent (Table 10 ). The correlations between characters that change with depth remain significant, but with lower coefficient values in partial correlation, while coefficients and significance are not affected in characters remaining unchanged with water depth (compare Planostegina operculinoides in Table 10 ).
In all species, correlations are significant between those characters that describe a single growth function, e.g., 'initial vector length' and 'radius expansion rate' (negatively correlated) describing the test contour, and 'chamber number of the first whorl', which is always highly-negatively correlated with the 'chamber number increase rate' (Tables 10, 11) , both describing the chamber number. Such correlations are not surprising because they reflect relations such as the larger the initial vector, the less intensive is the radius expansion rate. Similarly, the more chambers there are in the first whorl effects a lower increase in chamber numbers and vice versa.
While correlations are highly significant of the parameters describing test contour on the one hand and chamber number on the other, correlations between those two character groups are weak. Only the 'initial vector' shows higher -except in the microspheric Planostegina longisepta (Table 11 ) -and sometimes significantly negative correlations with the 'chamber number of the first whorl' and a positive correlation with the 'chamber number increase rate' in both generations (Tables 10,  11) . A smaller proloculus is thus correlated with more chambers in the first whorl and a lower increase in chamber number during growth in both generations; conversely, a larger proloculus is correlated with fewer chambers in the first whorl, combined with an increased chamber number in later whorls.
The most important, significant negative correlation is between test thickness and radius expansion rate, which applies to all Comparison of test characters between megalo-and micropheric generations using analysis of variance in case of significant regression to depth and the Student's t-test in case of insignificant regression.
species (Tables 10, 11 ). This means that the thicker the tests, the smaller the test diameter, as reflected by lower radius expansion rates.
DISCUSSION
Based on morphometrics, the five investigated, growthindependent test characters are inter-correlated in all operculinid foraminifera, but to different degrees. These correlations do not depend on water depth, which represents a composite factor of the single factors light and water movement. Water depth is the most important environmental factor affecting the distribution of symbiont-bearing benthic foraminifera. By excluding depth influence, partial correlations between the investigated morphological characters confirm their importance as 'Bauplan' constructions reflecting inter-correlations between genes.
Proloculus size, represented by the initial vector length, is negatively correlated with the test contour expansion rate in all species. Tight coiling is thus combined with large proloculi, either in megalo-or microspheres, while smaller proloculi in both generations are correlated with loosely coiled spirals, resulting in larger test size diameter although cell volumes are identical. Expansion rates are always higher in the microspheric generations (Operculina ammonoides, O. elegans, Planostegina operculinoides) and highly significant for the second group (Operculina complanata, P. longisepta, Planoperculina heterosteginoides; Tables 4, 5) . Test sizes differ strongly between generations in all nummulitid foraminifera, where microspheres or agamonts have longer life spans than the megalospheres (gamonts or schizonts) under continuously slower rates in chamber forming (Röttger 1972) . Moreover, those size differences correlates with higher radius expansion rates in agamonts, leading to loosely coiled spirals of the adult.
Test thickness and the expansion rate of the test were significantly negatively correlated in all investigated species (Tables  10, 11 ). Thus, thicker tests and low expansion rates result in smaller test diameter, while higher expansion rates and thinner tests result in larger test diameter, although cell volumes remain identical. This correlation expresses the functional relationship between test thickness and diameter. Foraminifera with thick and smaller test diameter get enough light in highly illuminated shallow areas, where they have to resist high water energy, while low light intensities at greater depths are compensated by thin tests with large surfaces. In deeper habitats, large surface/volume ratios are crucial for housing abundant symbiotic microalgae in light-depleted environments (Hohenegger 2004) .
Regarding the two characters that describe chamber number, the highest significance in all investigated species was shown by the relation that fewer chambers in the first whorl are correlated with a high increase in chamber numbers (Tables 10, 11 ). This strong correlation indicates constant chamber number of the last whorl in adult individuals of a species, independent of strongly varying chamber numbers in the first whorl. A case in point is Operculina ammonoides, having the fewest chambers in the latest whorls of the megalospheres, and Planoperculina heterosteginoides, having the most. In both species, this correlation attained constancy in chamber number of the fourth whorl (~12.6 for O. ammonoides and~15.2 for P. heterosteginoides), although the initial numbers in the first whorl differ strongly for both species between 4 (minimum) and 8 (maximum) chambers.
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Elza K. Yordanova and Johann Hohenegger: Morphoclines of living operculinid foraminifera based on quantitative characters Due to these correlations the chamber number in the last whorls of adult individuals varies weakly within species, but differs strongly between species. Comparing averages in both chamber characters shows significant trends, except in Planostegina longisepta. The mean 'chamber number in the first whorl' increases successively from P. heterosteginoides to P. operculinoides, O. complanata, O. elegans and O. ammonoides , while the 'chamber number increase rate' succeeds in the opposite trend (Table 9) . Nonetheless, this correlation does not indicate similar chamber numbers in the final whorl of adult megalospheres as within species, but shows a clear distinction between Operculina species, with mean values in the last whorl between 12.6 (O. elegans) and 13.4 (O. ammonoides) and the Planostegina -Planoperculina species, with values between 15.7 and 16.8 (text- fig. 19 ).
The proloculus size as indicated by the initial vector length is correlated with both characters describing chamber number. Weak correlations are also present in all species between test thickness and contour and characters describing chamber numbers. Note, however, that the expected positive correlation between the radius expansion rate and the chamber number increase rate is only significant in Operculina complanata, Planoperculina heterosteginoides, and Planostegina longisepta (Table 11) , while it is insignificant and sometimes negative in the remaining species. Intraspecifically, the chamber number is apparently slightly correlated with the radius expansion rate.
The above correlations may hint to a pleiotropic (e.g., Skelton 1993) effect of those genes, that influences operculinid test size and thickness. As postulated in quantitative genetics, every single gene potentially affects every trait in the organism, but to different degrees (Hartl 2000) . The strong correlation between test thickness, proloculus size, and radius expansion rate can thus be explained by pleiotropism. Polygenic inheritance and natural selection (Hartl 2000) leads to the predominance of phenotypes adopted to the varying environment, e.g., thick and small tests in highly illuminated regions with high water energy versus thin, large tests in calm, light-depleted environments.
Although the Operculina-and Planostegina-species as well as Planoperculina heterosteginoides show the same intensity of correlation between test thickness and radius expansion rate (Tables 10, 11 same species, whereby O. elegans is predominant in shallow waters and O. complanata in deeper waters. The distinction of both species is based mainly on septal undulations, a characteristic trait for strengthening thin tests, as found also in the flat lateral test parts of large Operculinella cumingii (Hohenegger et al. 2000) .
The narrower variances of test thickness and radius expansion rate in Planostegina and Planoperculina, together with the lower average test thickness (thinner tests), represent phenotypes, which are not adapted to turbulent waters, i.e. shallow environments. Planostegina longisepta and P. heterosteginoides are therefore restricted to the deeper photic zone. Only P. operculinoides, with a wider variance, is rarely found in shallower regions (-30m). Although having small variances, Planoperculina heterosteginoides respond to water depth in test construction, quite similar to Operculina. The ability to adapt to environmental changes allows P. heterosteginoides to inhabit the deepest euphotic zone, whereas the distributions of both Planostegina species are found above 90m water depth. Planoperculina heterosteginoides is thus the only symbiontbearing benthic foraminifer that can live below the euphotic zone (found at -155m, NW of Amami-O Shima, Nansei Islands, Japan), making it the deepest symbiont-bearing larger foraminifer. At these depths, P. heterosteginoides is distinguished by extremely thin, gauzy tests.
CONCLUSION
Operculinid foraminifera that are distinguished by planspirally coiled, semi-involute to evolute tests with or without chamber partitions show depth-related differences in morphoclines based on quantitative, growth-independent test characters. The three growth-independent characters describing test form (1. modified test thickness; 2. the initial vector length corresponding to proloculus size; 3. the radius expansion rate describing test contour) are highly inter-correlated in all investigated species. Shallow-dwelling (between -10 and -40m) Operculina species are distinguished by thick tests with small diameter and large proloculi, gradually leading to flat, thin, but large test along the deeper slope (-100m). While the depth limit of O. ammonoides in the investigated area is at -100m, living O. complanata can be found at -120m. The same phenotypic correlation allows the thin P. heterosteginoides, starting at -80m, to exceed water depths of -150m, which is the lower limit of the euphotic zone here.
Both, Planostegina longisepta and P. operculinoides having similar test thickness as P. heterosteginoides do not show such depth trends although correlations between the three test characters are of the same intensity as in Operculina and Planoperculina. The Planostegina species are depth restricted, whereby P. operculinoides shows the wider range (-30 to -90m) according to the broader variance in the three characters. Because both Planostegina species start at their shallowest distribution range with thin tests, further test thinning necessary to get enough light with increasing water depth is impossible and restricts the depth limit in the investigation area to -90m.
Both growth-independent traits characterizing chamber number are strongly correlated, whereby high numbers in the first whorl are compensated by low chamber number increase rates and, vice versa, low chamber numbers in the first whorl by high increase rates. Regarding chamber numbers in adult individuals, Operculina species do not differ significantly, which is also the case in Planostegina and Planoperculina; but differences between both groups are highly significant.
Morphoclines based on growth-independent test characters are found only in the three Operculina species and in Planoperculina heterosteginoides, allowing gradient determination by (multiple) regression to the water depth gradient. Inferences of water depth based on morphoclines using regression analysis is not possible for the two Planostegina species, but another approach to gradient estimation is possible. Since these species are restricted to narrow depth ranges, abundance data and comparison with other species (coenoclines) allow depth inferences using transfer functions (Birks 1995 , Hohenegger 1995 . Pairwise comparison of the characters 'chamber number in the first whorl' and the 'chamber number increase rate' between species using the Student's t-test. Bold numbers of probabilities indicate parameter coincidence.
TABLE 10
Correlation between characters in the species Operculina ammonoides with strong depth dependence of some characters, and Planostegina operculinoides with no depth dependence. Comparison of correlation matrices based on Pearson's correlation coefficient with partial correlation. Error probabilities in italics, bold numbers indicate significant correlation.
TEXT-FIGURE 19
Comparison of test forms (left: Operculina, right: Planostegina) with different parameters for the chamber number; the central form combines a Planostegina test contour with chamber numbers typical for Operculina. 
